Abstract Rapidly retreating sea ice is expected to influence future phytoplankton production in the Arctic Ocean by perturbing nutrient and light fields, but poor understanding of present phytoplankton distributions and governing mechanisms make projected changes highly uncertain. Here we use a simulation that reproduces observed seasonal phytoplankton chlorophyll distributions and annual nitrate to hypothesize that surface nitrate limitation in the Arctic Ocean deepens vertical production distributions where lightdependent growth rates are lower. We extend this to interpret depth-integrated production changes projected by the simulation for an ice-free Arctic Ocean. Future spatial changes correspond to patterns of reduced surface nitrate and increased light. Surface nitrate inventory reductions in the Beaufort Gyre and Atlantic inflow waters drive colocated production distributions deeper to where light is lower, offsetting increases in light over the water column due to reduced ice cover and thickness. Modest production increases arise, 10% in a seasonally ice-free Arctic Ocean and increasing to 30% by the end of the century, occurring at depth.
Introduction
Rapid reductions in Arctic sea ice thickness [Laxon et al., 2013] and extent [Serreze et al., 2007; Stroeve et al., 2012] , increased seasonality [Serreze et al., 2007] and shifts from perennial to first year ice [Stroeve et al., 2012] , are underway. Reductions in sea ice and changes in seasonality are expected to modify stratification and momentum transfer to the ocean (for example, through internal wave generation [Rainville and Woodgate, 2009] and changes in ocean wind stress [Carmack and Chapman, 2003; Davis et al., 2014] ), which modulates nitrate supply to the euphotic zone [Popova et al., 2006] . Reductions in ice thickness and extent will also impact light available for photosynthesis Arrigo and van Dijken, 2015] .
Changes are already underway in the Canada Basin [McLaughlin et al., 2011] . Freshwater accumulation [Giles et al., 2012] , probably arising from increased momentum transfer to the ocean [Giles et al., 2012; Davis et al., 2014] , has driven a general increase in stratification [McLaughlin et al., 2011] . Convergence and stratification increases have driven concomitant reductions in surface nitrate [McLaughlin and Carmack, 2010] , deepening summer chlorophyll maxima [McLaughlin and Carmack, 2010; Bergeron and Tremblay, 2014] , and favoring phytoplankton with smaller cell sizes that are more efficient at nutrient uptake [Li et al., 2009] . These changes are likely due to a combination of both long-term sea ice retreat and decadal changes in the winddriven circulation [Proshutinsky et al., 2002] . For example, freshening of the surface Arctic Ocean arising from climatic changes in precipitation [Bintanja and Selten, 2014] , runoff, and sea ice cover [Peterson et al., 2006] is exacerbated by increased freshwater storage in the Canadian Arctic Ocean under current decadal wind patterns [McLaughlin et al., 2011; Giles et al., 2012] .
Phytoplankton distributions and growth are expected to continue to respond to sea ice retreat but controlling mechanisms across the Arctic Ocean remain unclear Tremblay and Gagnon, 2009; Codispoti et al., 2013; Brown et al., 2015] . Consequently, even the direction of future changes in Arctic Ocean production is highly uncertain [Steinacher et al., 2010; Popova et al., 2012; Vancoppenolle et al., 2013] .
unclear [Arrigo et al., 2011; Hill et al., 2013; Martin et al., 2013] because they are not retrievable by satellite [Smith, 1980; Pabi et al., 2008] .
Here we use a simulation that reproduces observed phytoplankton chlorophyll distributions across the Arctic Ocean, including in subsurface chlorophyll maxima and under ice, to elucidate what governs vertical net production distributions over the seasonal cycle. We will then use this generalizable response of Arctic Ocean phytoplankton to nitrate and light conditions to explain simulation-projected changes in depthintegrated net production (hereafter production) in terms of its vertical distribution.
Methods

Simulation Description
For the simulation, an intermediate complexity biogeochemical model (MEDUSA) [Yool et al., 2013] , embedded within a general circulation model (NEMO) that comprises ocean (OPA) [Madec, 2008] and ice (LIM2) [Timmermann et al., 2005] components, is run to 2099 at a global-average model resolution of 1/48. The grid is nonlinear and resolution increases toward the poles. For example, resolution at 608N is $16.8 km. The model is forced with output from HadGEM-ES [Collins et al., 2011] under representative concentration pathway (RCP) 8.5 [Riahi et al., 2011] . Production is calculated for two phytoplankton classes. This is done by modulating a temperature-dependent theoretical maximum production rate, as per Eppley [1972] , by standard Michaelis-Menten nutrient limitation and hyperbolic light limitation terms. Photoacclimation is factored in through a chlorophyll-specific initial slope of the photosynthesis-irradiance curve. Full details can be found in Yool et al. [2013] .
Defining Production, Nitrate, and Light Metrics
Here we consider pan-Arctic Ocean net primary production (hereafter primary production or production): the biological uptake of inorganic nutrients from physical supply in waters north of 658N. To describe the vertical structure of primary production across the Arctic Ocean, we consider production that occurs above and below a reference depth. Throughout the analysis, we term the former as surface production (P 1 ) and the latter as subsurface production (P 2 ). Based on production distributions inferred from nitrate uptake Matrai and Apollonio, 2013] and chlorophyll and production profiles [Martin et al., 2010; McLaughlin and Carmack, 2010; Brown et al., 2015] , we chose a reference depth of 20 m (explained in section 4). The subsurface fraction of production is defined as that which occurs below the reference depth
giving a simple metric that can be related to ambient nitrate and light conditions. Nitrate is dominantly supplied to the euphotic zone through winter mixing [Tremblay and Gagnon, 2009; Popova et al., 2010; Codispoti et al., 2013; Randelhoff et al., 2015] and taken up by phytoplankton in summer . We therefore define an annual nitrate inventory (N inv ) as the nitrate concentration at the time of maximum mixed layer depth, integrated from the surface to the reference depth. Following previous observational studies Hill et al., 2013; Randelhoff et al., 2015] , we take the main phytoplankton growth season in the Arctic Ocean to occur between July and September. We then define a solar radiation dose (SRD) as photosynthetically active (400-700 nm) radiation penetrating surface waters through sea ice cover, averaged over July-September and integrated to the reference depth. We use a static reference depth rather than mixed-layer depth, because observations [Martin et al., 2010; McLaughlin and Carmack, 2010] and our simulation (Figure 1 ) demonstrate that phytoplankton growth can occur below the mixed layer in summer.
At lower Arctic latitudes (toward 658N), the phytoplankton growth season may start earlier than July. To test the validity of the July-September interval, we ran an additional analysis covering May-September. This analysis (see supporting information Figure S1 ) showed that the ability to predict vertical distributions of production declines when the interval is extended to include May and June, justifying the selection of JulySeptember.
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Deepening of production distributions in the projection is presented in terms of deepening chlorophyll and production maxima, where maxima are defined as the depth at which production and chlorophyll profiles are at their water column maximum value.
Surface nitrate depletion is masked at an inventory of 50 mmol m 22 to emphasize the spatial correspondence between low surface nitrate waters and production changes-the correspondence arises below this threshold because of the nonlinear dependence of nitrate limitation on ambient nitrate concentrations [Monod, 1949] .
Building the Regression Model
We suggest that the vertical structure of Arctic Ocean primary production depends on N inv and SRD. To demonstrate this, we determine how well a multilinear regression model based on the predictors N inv and SRD can predict the spatial map of Prop (equation (1)) that arises from the full simulation. Because our simulation reproduces observed vertical distributions of phytoplankton (Figure 1 ), a regression model that can accurately predict Prop that arises in the full simulation implies that other variables, such as temperature, are not important in determining vertical production distributions across the Arctic Ocean. The ability of N inv and SRD to predict the vertical distribution of production is tested by building a regression model that is then plotted against the full numerical simulation Prop. Thus, in this analysis, locations where the regression model reproduces the full simulation lie on a 1-1 line. Larger deviations from this line reflect 
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decreasing ability of the linear regression model to reproduce vertical production distributions in the full simulation, possibly either due to nonlinearities in the dependence of production on nitrate and light [Bergeron and Tremblay, 2014] or the importance of other variables in setting Prop.
Direct Temperature Impact on Production
The importance of surface-ocean warming on projected changes in depth-integrated production is testable in the simulation from the temperature dependence of phytoplankton growth rates [Eppley, 1972] . The simulated maximum growth rate of phytoplankton is directly dependent on temperature as
where V p is the maximum growth rate at 08C [Eppley, 1972; Yool et al., 2013] . This maximum growth rate is modulated by nitrate and light limitation such that it is only realized in nitrate and light replete conditions.
Results
Simulation-Observation Chlorophyll Comparison
The simulation reproduces observed Arctic Ocean seasonal chlorophyll distributions ( Figure 1 ). Seasonal increases in light stimulate a spring bloom in nitrate replete surface waters with chlorophyll profiles decreasing with depth according to attenuation of light in the water column (top row). In more oligotrophic waters, surface nitrate depletion by the spring bloom promotes the subsequent development of a shade flora. The subsurface chlorophyll maxima that develop are more pronounced and occur deeper in more oligotrophic waters, a feature captured by the simulation (middle row). In autumn, increased mixing replenishes surface nitrate, and chlorophyll maxima return to surface waters (bottom row), accompanied in icefree waters by a second bloom [Ardyna et al., 2014] . Deviation of the simulation from observed chlorophyll profiles is restricted to areas with extremely low surface chlorophyll where the model overestimates the strength of summer subsurface chlorophyll maxima and insufficiently homogenizes the vertical chlorophyll distribution during winter mixing (middle left and bottom left plots, respectively).
Simulation-Observation Nitrate Comparison
Nitrate is depleted in Arctic Ocean summer surface waters , limiting net community production across the Arctic Ocean [Tremblay et al., 2008; Tremblay and Gagnon, 2009; Randelhoff et al., 2015] . Here we compare simulated annual-average nitrate to the World Ocean Atlas 2013 (WOA) [Garcia et al., 2014] along a Pacific-Atlantic transect that traverses the Central Basin (Figure 2 ). Surface nitrate is broadly higher at lower latitudes (toward 658N) where nitrate is supplied to the Arctic Ocean [Le Fouest et al., 2013; Torres-Vald es et al., 2013] and decreases interiorward as nitrate is removed from surface waters by biological processes and inflowing waters subduct below the halocline [Hioki et al., 2014] . The simulation broadly captures observed nitrate concentrations along the transect, with the exception of the Chukchi shelf where simulated upstream concentrations advected in from the Pacific are too high and observational biases toward summer may also bias the comparison [Brown et al., 2015] . We note that few observations are available for the Central Basin.
Predicting the Vertical Distribution of Production
A composite of observational time series suggests a consistent seasonal cycle of vertical production distributions across the Arctic Ocean. Supply of nitrate to the euphotic zone across the Arctic Ocean is dominated by entrainment in the winter mixed layer [Sundfjord et al., 2007 [Sundfjord et al., , 2008 Tremblay and Gagnon, 2009; Codispoti et al., 2013; Randelhoff et al., 2015] . Because temperatures are cold and exhibit relatively small vertical variability across the Arctic Ocean [Steele et al., 2001] , vertical changes in phytoplankton nitrate uptake rates during the following growing season are determined by light. Therefore, seasonal nitracline deepening rates across the Arctic Ocean may depend on the surface nitrate inventory at the time of maximum mixed-layer depths and solar radiation dose the following summer.
Phytoplankton respond to nitracline deepening by more growth in the water column occurring at depth [Martin et al., 2010; McLaughlin and Carmack, 2010; Bergeron and Tremblay, 2014] . Therefore, the vertical distribution of production over an annual cycle may be determined by the winter-entrained nitrate inventory and summer solar radiation dose. Spatial maps of simulated subsurface production fraction, nitrate
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inventory, and solar radiation dose demonstrate this (Figure 3 ). The subsurface fraction of production is higher where the nitrate inventory is lower or solar radiation dose is higher: such as in the Beaufort Gyre and Admunsen Gulf, where stratification and Ekman convergence prevent entrainment of nitrate into surface waters [Martin et al., 2010; McLaughlin and Carmack, 2010] and our simulation ( Figure 3c ) and observations [Tremblay et al., 2008; Mundy et al., 2009; Martin et al., 2010] concur that a substantial proportion of annual production happens in subsurface chlorophyll maxima. Conversely, in low light areas, subsurface production is low (Figure 3) .
A simple multilinear regression model based on colocated N inv and SRD captures 73% of the simulated variance in the subsurface fraction of annual production (Figure 4) . Therefore, the contribution phytoplankton growth at depth makes to depth-integrated annual production is predictable from colocated N inv and SRD.
To examine the spatial variability of simulated vertical production distributions, we split the Arctic Ocean into three geographic regions (Figure 4, inset) . First, we delineate inflows as waters exterior of main gateways and the Central Arctic Ocean as interior waters. A third region is then used to show the transformation of water masses as they transit across the Canadian Arctic Ocean from the Pacific inflow to their outflow along the west side of Baffin Bay [Curry et al., 2014] .
Examining the vertical distribution of production across these three regions then shows the relationship between this subsurface fraction, ice cover, and physical nitrate supply. Around the edge of the Arctic Ocean, ice-free (high SRD, Figure 3b ) conditions enable substantial production at depth (Figure 4) . Conversely, in the Central Basin and the Chukchi inflow, extensive ice cover (low SRD, Figure 3b ) prevents substantial production at depth (Figure 4 ). SRD and the subsurface fraction increase toward the inflows where ice cover is reduced ( Figure 3 ).
As water masses transit from the Pacific inflow across the Canadian Arctic Ocean, they experience nitrate depletion due to phytoplankton uptake [Tremblay et al., 2008] and denitrification [Yamamoto-Kawai et al., 2006; Chang and Devol, 2009] . Subduction of nitrate replete waters [Hioki et al., 2014] and Ekman convergence in the Beaufort Gyre [McLaughlin and Carmack, 2010] further reduces N inv. 
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Depletion of N inv in our simulation drives deepening of production maxima, resulting in an increasing subsurface fraction of production as waters move across the Canadian Arctic Ocean (Figure 4) . The broad pattern that arises is modulated by ice cover such that the light replete Admunsen Gulf has the highest proportion of production subsurface (Figure 3 ).
Our simulation demonstrates that reduced N inv causes deepening of production distributions. A higher proportion of annual growth then occurs at depth (>0.5) where light-dependent growth rates are lower. However, under thicker ice, SRD is too low to support net photosynthesis at depth so the subsurface fraction is low (<0.3) despite low N inv (Figure 3 ).
In the first case, depth-integrated production rates are reduced because surface nitrate depletion necessitates phytoplankton grow at depth where light is lower. In the second case, rates are lower because ice cover reduces light over the entire water column. Therefore, depth-integrated production decreases toward low and high subsurface fractions of production, being maximum at intermediate subsurface fractions. In our simulation, intermediate subsurface fractions correspond to inflows, in agreement with observational-based estimates of depth-integrated production which are also maximum here [Sakshaug, 2004; Arrigo et al., 2008; Pabi et al., 2008; Codispoti et al., 2013; Hill et al., 2013] . This analysis suggests that CMIP5 21st-century projections of N inv reductions and SRD increases, that are robust across the ensemble [Vancoppenolle et al., 2013] , may cause deepening of production distributions. The impact of increased light over the water column on depth-integrated production would then be offset by reduced light experienced by deeper growth. We now demonstrate this response in the full simulation.
Phytoplankton Response to an Ice-Free Arctic
The Arctic Ocean is predicted to be ice free by the end of the century [Bo e et al., 2009] , and perhaps as early as 2054-2058 [Liu et al., 2013] . Physical nitrate supply to surface waters is expected to decrease as Arctic sea ice retreats and light increases [Vancoppenolle et al., 2013] .
Here we simulate the onset of a seasonally ice-free Arctic Ocean in the 2050s and a modest reduction in mixed-layer depth from the present day to 2099 (Figure 5a ). Unrealistic fluctuations in simulated winter mixed layer depth arise from localized overmixing in the model south of Fram Strait and do not impact Arctic-average N inv (Figure 5b ).
Reducing surface nitrate (Figure 5b ) induces the expansion of low surface nitrate waters (Figure 6a) . Deepening of the nitracline and increased light induces deepening of geographically colocated chlorophyll and production maxima (Figures 5c and 6c) as phytoplankton adjust to the perturbed nitrate and light conditions. Phytoplankton Figure 3c . The location of the transect plotted in Figure 2 is shown in Figure 3a (black line).
Journal of Geophysical Research: Oceans
10.1002/2015JC011180
maxima deepen more slowly than the nitracline, resulting in increasingly offset depths which reflect the increase in light limitation with depth. This is in agreement with the observed phytoplankton response to low light at depth in oligotrophic conditions [McLaughlin and Carmack, 2010; Bergeron and Tremblay, 2014] . Reductions in N inv occur in both Pacific and Atlantic inflows but extremely low inventories (<50 mmol m 2 ) are only reached in the Atlantic inflow because the decreasing trend starts from a lower present-day inventory here. N inv decreases in both inflows in the simulation because nitrate supply that originates in the subpolar North Atlantic and Pacific decreases in the coming century, in agreement with most CMIP5 models [Vancoppenolle et al., 2013] .
Simulated depth-integrated production changes reflect the ability of SRD increases to compensate reduced N inv (Figure 6d ). We broadly simulate decreasing production in open water and increasing production within the present ice zone, in agreement with ensemble projections [Steinacher et al., 2010; Vancoppenolle et al., 2013] . This broad pattern is modulated by regional differences in nitrate supply. N inv reductions fully offset SRD increases in the Beaufort Gyre and exceed them downstream where present-day ice cover is thinner and less extensive. Reduced advective nitrate supply to the Siberian shelves exceeds modest SRD increases here.
As the ice retreats and N inv diminishes, SRD increases over the water column are offset by reduced light experienced by deeper phytoplankton growth. Simulated production increases in a future Arctic Ocean are therefore modest. They are 10% at the onset of a seasonally ice-free Arctic Ocean and 30% by the end of the century, with increases occurring solely at depth (Figure 5d ).
Phytoplankton metabolic rates are temperature dependent, therefore future Arctic Ocean production changes may be sensitive to ocean warming [Slagstad et al., 2011] . We test the direct impact of sea surface temperature increases on production by using the temperature dependence of simulated phytoplankton growth rates (equation (2)).
We find that despite substantial warming of water flowing into the Arctic Ocean (6-88C, Figure 7a ), direct temperature effects on phytoplankton growth are more modest (40-60%, Figure 7b ) compared to SRD and N inv effects across the Arctic Ocean (up to 220%, Figure 6d ). Substantial direct temperature-driven increases are restricted to inflows because warmer inflowing surface waters are cooled as they are advected into the Arctic Ocean. Inflowing surface waters where warming occurs generally retain surplus nitrate (Figure 6b ) indicating that most of the direct simulated temperature impacts correspond to realized production changes.
Discussion
We have shown that vertical production distributions across the Arctic Ocean are governed by local balances in N inv and SRD. N inv -SRD balances that result in low or high subsurface fractions of production lead to Figure 3 ) to prevent bias of the subsurface production fraction.
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low depth-integrated annual production. We have demonstrated that nitrate reductions act to deepen production distributions where light-dependent growth rates are lower, provided light at depth is sufficient to support net growth (Figures 3 and 4) . Therefore, CMIP5 projections of reducing N inv [Vancoppenolle et al., 2013] are expected to deepen future production distributions such that increases in SRD due to ice retreat are offset by lower light levels experienced at greater depth (Figures 5  and 6 ).
In the simulation, low N inv waters are found over the Beaufort Gyre (Figure 6b ). Simple process models suggest that sea ice decline will increase Beaufort Gyre convergence [Davis et al., 2014] . Recent convergence has reduced N inv [McLaughlin and Carmack, 2010] , suggesting that increased convergence under ice retreat may play a role in future N inv reductions in the Beaufort Sea and downstream Canadian Archipelago. Our simulation shows such a change, with some of the largest relative reductions in production arising from convergence in the Beaufort Sea and downstream low N inv waters (Figure 6d ).
Large Arctic Ocean production decreases are colocated with September production maxima deepening, except on the Siberian shelves where water depths are too shallow (Figures 6c  and 6d ). Maxima deepening does not occur across the Arctic Ocean but is localized to extremely low N inv waters. The explanation for this can be found in our analysis of contemporary forcing of phytoplankton distributions by surface nitrate conditions. We have shown that surface nitrate depletion acts to deepen production distributions but may only do so when there is sufficient light to enable production at depth. Therefore, our analysis predicts deepening of production distributions across a broad area of the future Arctic Ocean, verified in the simulation where production increases (Figure 6d ) are taken up at depth (Figure 5d ). However, production maxima correspond to the depth of minimal nitrate-light colimitation. Since light attenuates exponentially with depth, light limitation increases rapidly with depth and extremely low nitrate concentrations are required to deepen production maxima. For this reason, simulated production maxima deepening is colocated with extremely low surface nitrate concentrations (Figures 6b and 6c) .
In elucidating the controls on vertical production distributions, we assumed temperature effects on growth rates are small because vertical temperature gradients in the Arctic Ocean are small. We subsequently demonstrated that this assumption is valid by predicting vertical production distributions with a regression model that neglects temperature (Figure 4) . Further, projected depth-integrated production changes are dependent on increases in sea surface temperature (SST) which directly affect growth rates. The contribution of direct temperature effects is shown to be more modest than SRD-N inv -driven changes at the pan- 
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Arctic Ocean scale, failing to compensate N inv -driven reductions in inflows (Figures 6 and 7) . We stress that direct temperature effects, as defined here (equation (2)), can only impact production in light and nitrate replete conditions. Therefore, one reason for more modest contributions from direct temperature effects could be that N inv reductions negate the possibility of SST-driven annual production increases being realized because growth rates may be temperature dependent but annually integrated production increases require available nitrate. In the simulation, SST-driven increases generally occur outside areas where severely limiting nitrate concentrations are projected (Figures 6b and 7b) , implying that SST-driven production increases are realized here and are locally important in offsetting N inv reductions in inflows. SST effects on production generally do not overlap with low N inv waters because nitrate is supplied to the surface Arctic Ocean in warm, nitrate replete inflows [Torres-Vald es et al., 2013] , which are cooled and depleted of nitrate as they move interiorward into the Arctic Ocean.
We have shown the impact of N inv and SRD on the vertical distribution of production by using a reference depth of 20 m. Now that we have elucidated the impacts of N inv and SRD on the vertical distribution of growth, we can explain what the significance of our choice is. Light limitation increases with depth and nitrate limitation decreases with depth. It is the opposing effects of these limitations that promote deepening of production distributions following exhaustion of surface nitrate in summer (Figures 3 and 4) and enables production maxima to be subsurface in extremely low nitrate conditions (Figure 6 ). We chose a reference depth based on observed vertical distributions of phytoplankton to highlight these opposing limitations, 20 m being the approximate depth at which the limitations balance.
Therefore, the analysis presented here is not sensitive per se to the reference depth, but at extreme reference depths one of nitrate or light limitation dominates and we end up with the trivial results that occur at the limits. For example, if we chose a very deep reference depth and define SRD and N inv as being integrated from the surface to the reference depth then light limitation will dominate at all locations in the Arctic Ocean. Conversely, if we chose a very shallow reference depth then nitrate limitation dominates. Further, with shallow reference depths Prop (equation (1)) tends toward 1 and with deep reference depths toward 0. Therefore, with deep reference depths, we arrive at the result that light limitation dominates nitrate limitation so growth is restricted to above the reference depth. At shallow reference depths, nitrate limitation dominates so growth is predominantly below the reference depth.
From this, it can be seen that while all reference depths produce consistent and physically sound results, choosing the right reference depth is necessary to see the full impact of nitrate and light limitation on the vertical distribution of Arctic Ocean production.
Models within the CMIP5 ensemble agree on a reduction in N inv contemporary with ice retreat yet disagree on the sign of future production changes [Vancoppenolle et al., 2013] . Our analysis replicates the N inv trend (Figure 5b) and suggests why the current ensemble production projections diverge. Divergence may arise because the model hindcasts generally inadequately reproduce both N inv and SRD [Vancoppenolle et al., 2013] , shown here to be central features of Arctic Ocean production dynamics and its anthropogenic perturbation. In particular, models differ in the extent of vertical mixing and most fail to account for production under ice [Vancoppenolle et al., 2013] , likely substantial across the ice-covered Arctic Ocean [Arrigo et al., 2012; Matrai and Apollonio, 2013; Arrigo et al., 2014] . Differences between models in the magnitude of nitrate reduction trend compound model divergence [Vancoppenolle et al., 2013] but an essential prerequisite to evaluating this divergence will be hindcasts that adequately represent the processes elucidated here.
Conclusions
We have used a simulation of Arctic Ocean phytoplankton that reproduces observed chlorophyll and nitrate distributions to show that phytoplankton respond to colocated N inv reductions and SRD increases by deepening of colocated production distributions. The spatial pattern of vertical production distributions (Figure 4 ) can therefore be related to local nitrate and light conditions (Figure 3 ).
Because N inv reductions and SRD increases deepen production distributions, CMIP5 ensemble projections of reduced N inv concomitant with ice retreat can be inferred to deepen future production distributions (Figures 5c and 6c) . Therefore, light increases due to ice retreat are offset by lower light experienced by deeper production distributions.
Resulting Arctic Ocean production increases are modest, 10% in a seasonally ice-free Arctic, increasing to 30% by the end of the century, and occur at depth (Figure 5d ).
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